The Higgs mechanism:; o

the origin of mass of elementary particles
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The SM of the electromagnetic, weak and strong interactions T

e is relativistic quantum field theory

e based on a local gauge symmetry: invariance under symmetry group

e more or less a carbon—copy of QED, the theory of electromagnetism

QED: invariance under the local transformations of the abelian group U(1),

— transformation of electron field: ¥ (x) — W¥'(x) = e'**X) P (x)

— transformation of photon field: A, (x) — A/ (x) =A,(x)—20,a(x)

The Lagrangian density is invariant under above field transformations
LoD = —iFWFW +iW D P — m, v

with field strength ¥, =9, A, —0, A, and cov. derivative D, =0, —ieA

Very simple and successful theory:

— minimal coupling: the interactions/couplings uniquely determined

— renormalisable, perturbative, unitary (predictive), very well tested..
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fThe SM is based on the local gauge symmetry group T
Gsv = SU(3)¢e x SU(2), x U(1)y
e The group SU(3) describes the strong force:
— interaction between quarks which are SU(3) triplets: g, q,

— mediated by 8 gluons, Gz corresponding to 8 generators of SU(S)C

Gell-Man 3 x 3 matrices: [T?, T?] = if*P°T_ with Tr[T*TP"] = Zdap

— asymptotic freedom: interaction “weak” at high energy, ag = % <1

The Lagrangian of the theory is given by:

Lacp = —3G,GE +137,Gi(0, — igsTaGH) v ai (— 22 miGiai)
with G2, = 9,G2 — 9,G2 + g, fP°GPG¢

The interactions/couplings are then uniquely determined:

— fermion gauge boson couplings : —gi@VM*y“w

L— gluon self-couplings : ig; Tr(9,V,, — 9,V,)[V,,, Vo] + 392 Tr[V,,, V”]ﬂ
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|70 SU(2)1, x U(1)y describes the electroweak interaction:

— between the three families of quarks and leptons: ff, /g = %(1 F v5)f
3L,3R 1 _ u
If’ ::|:§70 :L:( _)LaR:eRaQ:(d)LauRadR
e
Ye=2Qr—2I} = Y,=-1,Yr=-2,Yq=3%,Yus=5. Yar=—2

Same holds for the two other generations: u, v, c,s; 7,v,,t,b.

Ve

There is no VR (and neutrinos are and stay exactly massless)

— mediated by the WL (isospin) and Bu (hypercharge) gauge bosons
the gauge bosons, corresp. to generators, are exactly massless

T2 =272, [T TP =ie***T, and [Y,Y] =0

Lagrangian simple: with fields strengths and covariant derivatives
W2 =0,Wa—0,Wa+g,e*®**WPW¢ B, =0,B,-09,B,
D, = (9, —igTa W3 —ig'TB,) ¢, T? = 1712

1 1 — ° ro °
LﬁSM — —ZWZVW’;V — ZB/WB’MV -+ FLi ID,u/Y'u FLi -+ fRi IDM”)/’M quJ
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|7 But if gauge boson and fermion masses are put by hand in Lq; T
%M%V“VM and/or m¢ff terms: breaking of gauge symmetry.
This statement can be visualized by taking the example of QED where
the photon is massless because of the local U(1)q local symmetry:
T(x) — U(x) = e CT(x), A,(x) = A (x) = Au(x) — 20,0(x
e For the photon (or B field for instance) mass we would have:
1n\ 2 12 1 1 1n\ g2
and thus, gauge invariance is violated with a photon mass.

e For the fermion masses, we would have (e.g. for the electron):

meee — —meé<%(1 —v5) + %(1 - 75)>e = —me(€rer, + €rer)
manifestly non—invariant under SU(2) isospin symmetry transformations

— We need a less “brutal” way to generate particle masses in the SM.
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2. The Higgs mechanism

fln the SM, for the mechanism of spontaneous EW symmetry breakingj

— Introduce a doublet of complex scalar fields

P — (g*) with Y = +1

with a Lagrangian that is invariant under SU(2);, x U(1)y
Ls = (D"®)'(D,®) — >®'® — \(PTP)?

V()

1? > 0: 4 scalar particles.

1? < 0: ® develops a vev:

oj@jo) =, )

v
V2

1

2

2

V=8
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f To obtain the physical states, write L ¢ with the true vacuum: T

e Write ® in terms of four fields 01 2 3(X) and H(x) at 1st order:

i05(x)72(x)/Vv ~ 02+10
P (x) = P/ %(?htﬂ(x)) — %(vsz—li@g)

e Make a gauge transformation on ® to go to the unitary gauge:

P(x) — e~ i0a(x) 7% (x) P (x) = %(?%H(x))

e Then fully develop the term |D,®)|? of the Lagrangian Lg:
: . 2
D, ®)]? = (0, —ig12W?2 —i&B,,) P
O3 (g2Witg1By)  — 32 (W) —iW}) .
— B2 (W1+iw2) Outz(g2Wi-g1B,) | \VTH
1 1 : 1
=5(0,H)?+5g5(v+H)?|W +iW?2 2+ £ (v + H)?|g2 W3 —g1 B, |?
e Define the new fields Wlf and Z, [A , is the orthogonal of Z,,]:

3 3
Wt — 1L /Wl W2 _ g2W;—g1B, _ g2W, +g1By,
——2( u T ,u)az,u_ Ay =

V2 \/g3+g3 \/g3+g3
\_ sin’ 0w = g2/1/83 + 81 = e/g J
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f. And pick up the terms which are bilinear in the fields W+, Z. A: T
2 - 1N\ A2 112
— 3 degrees of freedom for Wf, Z.1, and thus Mw=, Myz:
Mw = 3Vg2, Mz = 3v,/g5 +g7, Ma =0,
with the value of the vev given by: v = 1/(v/2Gg)'/2 ~ 246 GeV.

—> The photon stays massless, U(l)QED IS preserved.

e For fermion masses, use same doublet field ® and its conjugate field

~

® = iToP* and introduce L+ Which is invariant under SU(2)xU(1):
'CYuk:_fe(é, D)L(I)eR — fd(l_l, (_i)LCI>dR — fu(ﬁ7 a)L&)uR + ..

—%fe(ﬁea eL)(Vym)er - = —%(V +H)érer - -

e PR u f
= Me = f;/%, y My = fT;f , IMgq = dT;/
With same @, we have generated gauge boson and fermion masses,
while preserving SU(2)xU(1) gauge symmetry (which is now hidden)!
L What about the residual degree of freedom? J
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It will correspond to the physical spin—zero scalar Higgs particle, H.
The kinetic part of H field, 2 (9, H)?, comes from |D,,®)|? term. T
Mass and self- interaction part from V(®) = ;2®T® + \(PTP)2:
V= 2(0,v+H)( ) +3(0,v+H) (O, )
Doing the exercise you find that the Lagrangian containing H is,
Ly =1(0,H)(0"H) -V = 2(0"H)? — \Wv?*H? — \WwH? - 2 H*
The Higgs boson mass is given by: M = 2A\v?Z = —242.
The Higgs triple and quartic self-interaction vertices are:
gps = 3IM% /v, gua = 3iM3F /v?
What about the Higgs boson couplings to gauge bosons and fermions?
They were almost derived previously, when we calculated the masses:
Lty ~ M2 (1+H/v)? | L, ~ —1mg(1+H/v)
= GHff = lmf/V guvv = —2iM% /v, guavv = —2iMg, /v?
L Since v is known, the only free parameter in the SM is M g or A. J
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3. Constraintson My

Direct searches at LEP:

H looked forineTe™ —ZH
e’ 7

~
~

_ F
e H

We have a limit at 95% CL.:
My > 114.4 GeV

(2] 1 ‘ T T
O C
1070 LEP
of
10 -
10 _35 —— Observed
N Expected for
Al background
10 ¢
5
10 -
10-6:\\\‘\\\‘\\\‘\\\‘\\\‘\ L | \\\i/\//‘\\\‘\\\i
100 102 104 106 108 110 112 114 116 118 120
M, (GeV)
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Indirect searches:

H contributes to RC to W/Z masses:

I/ H \\
W/Z W/Z

Fit the EW precision measurements:

we obtain My = 857352 GeV, or
6 — —

1 y ul
5 V \ A(x§1a)d - ]
. i —0.02761%0.00036 | f:
1 L} -+ 0.02747£0.00012 | fi;
4 |2 % o incl. low Q° data -
N>< 3 ]
<
2_ —
1 —
4 -..-“ .,! o B
0 Excluded A Preliminary
20 100 400

m,, [GeV]

Mg < 180 GeV at 95% CL J
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Scattering of massive gauge bosons V1,V — V1,V at high-energ

f w+ W+ i VWMWY
e 5

W= W= MV

Because w interactions increase with energy (q" terms in V propagator),

s> M3, = o(wrw™ — ww™) o s: = unitarity violation possible!

Decomposition into partial waves and choose J=0 for s > M%V:

. Y

- [1+ M2 + Hlog(

For unitarity to be fullfiled, we need the condition ]Re(ag)\ <1/2.

| | s>Mg M2
At high energies, s > My, Mw, we have: a9 — —¢—5%

unitarity = My < 870 GeV (Mpy < 710 GeV)

: s<M%; <
For a very heavy or no Higgs boson, we have: ag — — 3503

unitarity = /s < 1.7 TeV (/s $1.2TeV) J

LOtherwise (strong?) New Physics should appear to restore unitarity.
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|7The quartic coupling of the Higgs boson A (OCMI%[) Increases with enerm

~ - ~ -
~ -, S < - \ Vs
~ -’ S - \ P
N I —~2 ~ 4 \ ,
N e 1 ~ ] e N 7
* ) > )< x
PRERN \ , PR ~ /N
~ ~ -’ / P
S - ‘el - N 4 N
~ PR ~ o 7 ~ Y )\
- ~ ~ 7\ N

The RGE evolution of A\ with Q2 and its solution are given by:

dzgi Fo 2@ = M@ = M) [1 - M) log sy ]

o If )* < v, \Q?) — 0,: the theory is said to be trivial (no int.).
o If Q% > v* A\(Q?) — oo: Landau pole at () = v exp (4]7(;%;2).

The SM is valid only at scales before A becomes infinite:
fAc = My, N Sdn = My < 650 Gev

(comparable to results obtained with simulations on the lattice!)
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fThe top quark and gauge bosons also contribute to the evolution of )\j
ool . i‘é -----
F
H L1 ___ H _ &wwee--

The RGE evolution of the coupling at one—loop is given by

2

my 3 @
[12—t + 15 (202 + (95 + g%)Q)] log—=

M@ = A + M

1672

If X is small (H is light), top loops might lead to A(0) < A(v):
v 1S not the minimum of the potential and the EW vacuum is instable.

= Impose that the coupling \ stays always positive:

2

9 2 v mf 3 4 2 212
MNQ7)>0= Mg > — _12_+_(292‘|‘(92+91)) logﬁ

872 v 16

L Very strong constraint: () = Ag ~ 1 TeV = My 2 70 GeV J
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3. Constraintson Mg: triviality+stability

Combine the two constraints and include all possible effects:
800 NN Y Y

— corrections at two loops

— theoretical errors
600 m, = 175 GeV

— experimental errors

: o (M) = 0.118
— other refinements - - - s(Mz)

400

My [GeV]

200

O_|||||||||||||||_

103 105 109 10l% 101° 1018
A [GeV]
Ao ~10°GeV = T70GeV < My < 700 GeV
L Ao ~ 109 GeV = 130GeV < My < 180 GeV J
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00E

g ¢

Higgs decays in the SM: T
e H decays into the heaviest particle

available by phase space: g & m.

e M <130 GeV,H — bb

-H — cc, 7777, gg = O(few %)
-H — vy = 0(0.1%)

e My 2> 130 GeV, H —- WW, Z;

— below threshold decays possible

0.0001
1

130 160 200 300 300 700 1000

R o — decays into tt for heavy Higgs.

1000 — T T
| T(H) [GeV]

100

0.1

0.01 =

e Total Higgs decay width:
— very small for a light Higgs

- comparable to mass for heavy Higgs

0.001 1
100

1 1 1 1 1 1
000000000 300 500 700 1000
MH [Ge\/]
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4. Higgs at the LHC: production

SM production mechanisms

Higgs—strahlung Vector boson fusion

q

in associated with QQ

9 00000 9 00000 ——— @
» H
_-_—— - ..____H
9 O0000—— ()

g9 00000

gluon—gluon fusion

.
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There are also subleading processes, gg — HH, etc...

Cross sections at the LHC
100 r——y . ———
olpp— H+X) [pb)

f 99—+ H
' Vs=14TeV
MRST/NLO
m = 178 GeV
10 g
gg -+ Hyg

Lgg— WH

g ZH. "
ot

—_
™T

0.1 1 1 |
100

M H [GGV]
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_ : Vs=T+7=14 TeV=-\/s_g~/s/3 ~ 5 TeV
LHC: pp collider L£~10fb~ 1 first years and 100 fb—1 later

. pp/pp cross sections

e Huge cross sections for QCD processes. 3 R ==
e Small cross sections for EW Higgs signal. bizw e g—ﬁf—;—’
S/B 2 10'° = a needle in a haystack! ii : o
e Need some strong selection criteria: 101 O | e
Trigger: get rid of uninteresting events... 128 e ??
Select clean channels: H — vy, VV — / 0 g;v></
Use different kinematic features for Higgs 122 alE 00080 -
Combine different decay/production channels 10;‘ //§
Have a precise knowledge of S and B rates. 122 Gjet(EJTe‘>v§/4?tt></ /
(note: higher orders can be factor of 2!) 10" Origes (=557 ><
e Gigantic experimental (+theoretical) efforts! 101-1 g0, /|

3 4 | | | ]
10 10 Vs (Gev)
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4. Higgs at the LHC: detection

n B

@
“é [ e H - yy + WHHHH - yy) 2 2000k
O . m ttH(H - bb) 2
= A H - zzO a4 s 0
S, H - ww® - v =
‘D 102] H - ZZ - llw g
© - ® H - WW - Ivjj %5000-
S - —— Total significance ©
(%) - 4000 |-
i ll;) I 12IO I 13IO I 140
B a) myy (GeV)
600
10 2400
i 3
- =
....... §200
- ATLAS i .
i [L dt=100fb™
(no K-factors) 1o 120 130 140
b) myy, (GeV)
1 ‘ |
2 3
10 10

L m,, (GeV) J
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f In 2-3 years we will find the Higgs: T
would particle physics be “closed”?

s

2 I i
No! Need to check that H is indeed gi ' m,, =120 Gev :
responsible of spontaneous EWSB! all

Measure its fundamental properties: all

e mass, width , check spin/parity LG 5% CL]
LC 1o -

0.95 —

e couplings to other particles
MSSM prediction: |

300 GeV <m, <1000 GeV

e self-couplings to reconstruct Vg

085 200 GeV < m,, < 300 GeV

A very challenging program indeed:

100 GeV <m, <200 GeV

o LT 4y

more difficult than Higgs discovery... s
top” Jtop

LHC surely will not be sufficient,

we need the ILC for more precision!
ILC will be even more necessary in extensions of the Standard Model!
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A severe problem in the SM: the hierarchy/naturalness problem
Radiative corrections to l\/I in SM

with a cut-off A = Mnp = Maut AMZ x B s k}————‘ﬁ
)\2
AMZ; = Negh [-A? + 6milog - — 2mf] + O(1/A%) f
My prefers to be close to the high scale than to the EWSB scale.
Low energy Supersymmetry provides the most natural solution

add super-partner contribution: f;’

~,
n
i
J"'l'l
s

_ 2 __ _ _
NS_Nfa)\f __)\Saml_mZ_mS

AME[" = 25t [(mF — m3)log() + 3m?log (%5
Symmetry fermions—scalars :> no divergence in A?
But if Mg > 1 TeV the problem is back again = low energy SUSY.
NB: solution to the gauge coupling unification and dark matter problems

Focus on Minimal Supersymmetric Standard Model (MSSM).
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fln MSSM with two Higgs doublets: H; = (E?) and Hy = (Eg) T

e to cancel the chiral anomalies introduced by the new h field,
® give separately masses to d and u fermions in SUSY invariant way.
After EWSB (which can be made radiative: more elegant than in SM):
Three dof to make Wf, 71, = 5 physical states left out: h, H, A, H*
Only two free parameters at the tree level: tan 3, M 4 ; others are:

M2 = & [M3 + M2 ¥ /(M3 + MZ)? — 4ME M cos? 27

M7 = M3 + M¥,
tan2a = tan23 (M2 + M2)/(M3 — M3)

We have important constraint on the MSSM Higgs boson masses:
My < min(Ma,Mgz)-|cos 28| < Mgz, M+ > Mw, My > Maj...
M > My: decoupling regime, all Higgses heavy except for h.

M;, NMz|COSZﬁ‘§ Mz!, Mg ~ Mg+ NMA7 o ~ g —6
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.

Radiative corrections important in MSSM Higgs sector; dominant one:

4 2

__3g? m

Max M z+40 GeV

AM? = 277 M, log—% large: 2115 GeV
500 T T | | : |
Mg [GeV] sin?(8 — a)
X, = V6Ms 1 ------

300

tan p =
tan

200

150

100

50 L=

0.1k

0.01 F

50

100

150 200
A4A [(}C\/]

300

0.001 ' L
50 100 150 200 300

A4A [(}C\/]

500 500

Couplings in terms of Hgy; and their values in decoupling limit:

¢ Youu Yodd Jovv

h g 1 cos5 1 sin(f — a)— 1

H ziﬁg% I/tan f | 225 — tan g | cos(8 — a)— 0

A 1/tan (3 tan 3 0 J
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inggs decays in the MSSM:

General features:
e h: same as Hq, in general

(in particular in decoupling limit)

h — bb and 777~ same or enhanced
e A: only bb, 777~ and tt decays

(no VV decays, hZ suppressed).

e H: same as A in general

(WW, ZZ, hh decays suppressed).

e H* : 7 and tb decays
(depending if Mg+ < or > my).

Possible new effects from SUSY

.
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bb : ' I
— }tanB =3
—_}tanB =30

BR(h)

TT

90 110 120 130 200 300 500

BR(H™

[ Wh
/ | | MII+

0.01
100 200 300 500 100 200 300 50?‘?
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f SM production mechanisms

Higgs—strahlung Vector boson fusion

q

q H q
gluon—gluon fusion in associated with QQ
g onn 9 BOO0O—— Q
:} H
————— ¢----—-1
9 OO000 9 V0000 —— @
1000

100 |

10 b

0.1}

100 1000
Mq; [GGV]
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What is different in MSSM
e All work for CP—even h,H bosonsj

—in ®V, qq® h/H complementary

~o(h) +o(H) = oc(Hsm)

— aditionnal mechanism: qq — A+h/H

e Forgg — ®and pp — ttP

— include the contr. of b—quarks

— dominant contr. at high tan(3!

e For pseudoscalar A boson:

— CP: no P A and qqA processes

- gg — A and pp — bbA dominant.

e For charged Higgs boson:

- My Sm;: pp — ttwitht —H™b

— My 2 my: continuum pp — t@t
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Higgs detection in the MSSM at the LHC
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